A single-pole-four-throw (SP4T) switch using a high-aspect ratio lateral metal-contact micromachined switch is reported. This simplified SP4T micromachined switch is developed using deep reactive ion etching fabrication technology based on silicon-on-insulator wafer. The measurement results of the SP4T switch show an insertion loss of less than 1 dB and isolation of 30 dB from DC to 6 GHz.
Introduction: Multi-throw switches are widely used in microwave circuits for switch matrices and true-time-delay phase shifting applications. Traditionally, the multi-throw switch uses GaAs MESFETs and pin diodes to perform its switching function. It exhibits good performances at low frequencies, but deteriorates in the high frequency range beyond 1 GHz [1] . On the other hand, the monolithic microwave integrated circuit (MMIC) multi-throw switches require matching network and bias network, which leads to heat generation and other distortions [2] . Recently, microelectromechanical system (MEMS) based switches and phase shifters have been identified as a promising technology with high potential in the existing radio frequency (RF) architectures to reduce weight, cost, size and power dissipation. Until now, very few multi-throw MEMS switches that employ surface micromachining fabrication process have been reported in the literature [3, 4] . However, the metal sticking problem remains a challenging task for reliability and stability of multi-throw MEMS switches fabricated by surface micromachining process. In this Letter, a DC to 6 GHz SP4T switch using deep reactive ion etching (DRIE) micromachined lateral metal-contact series switches is studied. It is formed on the quasi-finite ground coplanar waveguide (FGCPW) transmission lines and actuated by electrostatic force. The mechanical structure of the switch consists of a high-aspect-ratio single-crystal silicon microstructure, which is wrapped around by aluminium (Al) and fabricated by DRIE micromachining technology on a silicon-on-insulator (SOI) wafer. Design of SP4T micromachined switch: To achieve a switch structure with good microwave performance, circuit topology and process conditions play an important role and should be selected carefully. Then, m metal-contact lateral series switches are incorporated in a (m þ 1) port device, which constitutes a single-pole-multi-throw (SPMT) switch. One switch will be ON and the other (m À 1) switches will be OFF. In this work, we consider four switches (m ¼ 4) as shown in Fig. 1 . This design architecture is based on the idea of the lateral metal-contact series switches, which consist of a quasi-FGCPW transmission line and an electrostatic actuator. A FGCPW transmission line is designed for 50 O. characteristic impedance using high frequency structure simulator (HFSS) software. The quasi-FGCPW transmission line is formed on a 35 mm-thick single-crystal-silicon plate, which has been coated with a thin layer of evaporated aluminium. Therefore, the RF signal can propagate not only on the top of the metal surface, but also on the sidewall of the transmission lines based on the high aspect ratio of the switch design. As shown in Fig. 1 , the cantilever beam in the direction of the signal line not only acts as a movable electrode for the actuator, but also forms part of the signal line. When a DC bias voltage of 30 V is applied between the two electrodes, the switch is at its on-state. When the DC bias voltage is released and the beam returns to the original position, the switch is at its off-state. The metal-contact series switch has an advantage of high isolation at the off-state and low insertion loss at the on-state. Accordingly, Figs. 2 and 3 show the simulation results of the metalcontact lateral series switch at off-and on-state, respectively. When only one switch in the SP4T switch is activated at any time, it offers low impedance path and the rest of the switches are at the open-state relatively with short open stubs, which offer a high impedance path. Therefore, to achieve broader bandwidth, it is important to decrease the length of the stubs by packing the switches to be as close as possible without creating problems in the fabrication process. The gap distance of the series switch and the length of the input and output transmission lines determine the isolation property of the switch. The basic design technique described above applies equally well to SPMT switches, where the lateral metal-contact micromachined series switch could be added consequently. Fabrication and experimental results: To simplify the fabrication process, SOI wafer was used as a substrate. The device silicon of the SOI wafer was 35 mm thick with low resistivity silicon (<0.1 Ocm). The buried layer was a 2 mm thermal silicon dioxide (SiO 2 ) and the handle wafer was 500 mm-thick high resistivity silicon (>4000 Ocm). The process began with an SiO 2 of 2.0 mm deposition on an SOI substrate using plasma enhanced chemical vapour deposition (PECVD), and patterned by reactive ion etching (RIE). Then 35 mm-thick device silicon was etched down to the buried oxide layer by DRIE using surface SiO 2 layer as hard mask. After that, the movable structure was released using buffered oxide etchant (BOE) solution. Next, a 1.5 mm-thick Al was deposited using Ebeam evaporation on both the surface and the sidewalls of the switches through a shadow mask. Finally, the shadow mask was debonded and separated from the SOI substrate. The area of the SP4T micromachined switch is 1.9 Â 2.1 mm and the SEM micrograph for the fabricated SP4T micromachined switch is shown in Fig.  1 . RF measurements were obtained using a HP8510C network analyser. The lateral metal-contact micromachined series switch is the key component for this SP4T switch. Hence the behaviour of the switch is experimentally investigated first and the measured S-parameters of the fabricated switch are shown in Figs. 2 and 3 , respectively. At the off-state, the measured isolation is less than 30 dB. When 30 V is applied at the on-state, insertion loss is 0.4 dB and return loss is 25 dB up to Ku-band. The measured results of the SP4T switch are shown in Fig. 4 , and give isolation of less than 30 dB for all switches at the off-state. When 30 V is applied to each individual switch making it on-state and leaving other switches at off-state, insertion loss of 1 dB up to 6 GHz is observed. Fig. 4 Measured S-parameters of SP4T micromachined switch Conclusions: An SP4T switch based on lateral metal-contact micromachined series switches with reduced size and improved microwave performance from DC to 6 GHz has been demonstrated. The experimental results of the lateral metal-contact micromachined series switches reach isolation of less than 30 dB at the off-state, insertion loss of 0.4 dB and return loss of 25 dB at on-state up to Ku-band. As a result, the SP4T can reach insertion loss less than 1 dB at on-state and isolation with 30 dB at the off-state up to 6 GHz. The advantage of these micromachined switches is that only one DC control bias is needed to switch the signal from one path to the other without sacrificing performance. In addition, the high-aspect-ratio structure of 35 mm depth provides high stiffness of the beams in the out of wafer plane axis, which further enhances its high reliability and stability. These MEMS based SPMT devices synergistically provide tremendous performance advantages in low loss, high-isolation, highlinearity and low cost, which enables easy integration into MMICs, true-time delay circuits and radar communication. 
